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Here we report on an unconventional Ni–P alloy-catalyzed, high-throughput, highly reproducible
chemical vapor deposition of ultralong carbon microcoils using acetylene precursor in the
temperature range 700–750 °C. Scanning electron microscopy analysis reveals that the carbon
microcoils have a unique double-helix structure and a uniform circular cross-section. It is shown
that double-helix carbon microcoils have outstanding superelastic properties. The microcoils can be
extended up to 10–20 times of their original coil length, and quickly recover the original state after
releasing the force. A mechanical model of the carbon coils with a large spring index is developed
to describe their extension and contraction. Given the initial coil parameters, this mechanical model
can successfully account for the geometric nonlinearity of the spring constants for carbon micro-
and nanocoils, and is found in a good agreement with the experimental data in the whole stretching
process. © 2009 American Institute of Physics. DOI: 10.1063/1.3177324
I. INTRODUCTION
Recently, micro- and nanomaterials with a three-
dimensional 3D helical/spiral structure have attracted more
and more interest from the research community and industry.
Such a special structure makes them have highly unusual and
unique electrical, magnetic, and mechanical properties. A
large amount of work has been done on the synthesis and
growth mechanisms of 3D helical materials to control their
mechanical and electrical properties.1–3 These 3D helical
structures are expected to have extensive applications in the
areas of magnetic storage,4 flat panel displays,5,6 microelec-
tromechanical systems MEMSs,7 and several others.
As the important members of the family of these micro-/
nanostructures, carbon micro- and nanocoils CMCs and
CNCs, respectively have recently been in the focus of ex-
tensive research efforts, due to their high strength, light
weight, and excellent resistance against thermal shocks and
chemical attacks. Various morphologies of the carbon coils
with the micro- or nanometer dimensions have been ob-
served. The CMCs/CNCs can have numerous shapes includ-
ing double-helix,8 single-helix,9 twisted,10 and some other
shapes. Compared with other existing forms of carbon, such
as wires, tubes, tips, belts, and fullerenes,11–14 springlike car-
bon coils feature several more remarkable properties that
make them particularly promising for advanced applications
in a number of rapidly emerging fields. Of particular interest
are their outstanding elastic properties, which are strongly
dependent on the CMC/CNC morphologies and structure.
For example, CNCs with a diameter of 120 nm can be ex-
tended to 133% of the original coil length.15 Meanwhile, flat
cross-section CMCs with constant coil diameters of
1–5 m can be extended in up to 1.5–2 times. Above all,
circular cross-section CMCs can be extended in 2–5 times.
The actual coil extension strongly depends on the ratio of the
coil and the wire diameters spring index.16 Therefore, the
superelastic properties make the CMCs have many applica-
tions in the fields of micromagnetic sensors, mechanical mi-
crosprings, actuators, highly elastic electric conductors, etc.
To better understand mechanical properties of 3D mate-
rials, significant efforts have been made to investigate their
tensile and compressive properties.17,18 In particular, it has
been revealed that the spring constant k remains constant in
the low-strain region. However, it increases nonlinearly in
each loading process with increasing the relative elongation
above a certain threshold. Gao et al.19 studied superelastic
deformation of ZnO nanohelices, and obtained a force-
displacement curve. It was shown that the nanohelix spring
constant could be increased continuously in up to 3–8 times.
Hence, this extremely large elastic deformation makes the
nanohelices outstanding candidates for nanoscale elastic en-
ergy storage. Various models have been proposed to explain
the unusual mechanical behavior of springlike materials.20–23
Among these models, the approach developed by Ancker and
Goodier24 appears to be sufficiently accurate to describe me-
chanical properties of the small-index springs. This is be-
cause the above approach is based on the assumption that the
coil pitch angle which is usually under 10° and that the di-
ameter remains constant during the coil turn deflection.
However, for large-index springs, the deflections of each coil
turn are rather large, which means there are significant
changes in the pitch angle more than 10° and the coil di-
ameter during the stretching deflections. Therefore, the
Ancker–Goodier model, which does not take into account the
pitch angle and diameter variations, has a limited applicabil-
ity to describe such large coil turn deflections.
In this paper, we report on the synthesis and outstanding
mechanical properties of the CMCs with a circular cross-
section. The synthesis route is based on the catalytic pyroly-aElectronic mail: kostya.ostrikov@csiro.au.
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sis of acetylene precursor over a Ni–P catalyst alloy. The
morphologies, structure, and elastic response of CMCs were
investigated by scanning electron microscopy SEM. Our
results suggest that the CMCs feature a uniform circular
cross-section. The CMCs have outstanding elastic properties,
and simultaneously exhibit major deformations in the coil
pitch angle and the diameter during the stretching process.
Moreover, we also advanced a spring model to analyze the
elastic properties of carbon micro- and nanocoils with a large
coil index. This model rigorously takes into account the
changes in the pitch angle and the coil diameter and can
predict the required mechanical parameters, such as the
spring constant, shear stress, in a good agreement with the
experimental data.
II. EXPERIMENTAL DETAILS
The preparation of Ni–P alloy catalyst was carried out
prior to the chemical vapor deposition CVD process by
electroless Ni plating of the surface of a graphite substrate.
The detailed electroless plating process used in this work
was a four-stage procedure reported previously.25 The CVD
reactor used in this work was a horizontal quartz tube; it was
installed in a horizontal electric furnace. The Ni–P alloy de-
posited on the graphite substrate as a catalyst was placed into
the constant-temperature zone of the quartz tube. Commer-
cially available acetylene dissolved in acetone was used as a
source of carbon material. A small amount of thiophene
which is of paramount importance for nucleation of CMCs
with circular cross-section was also added. The growth pro-
cess was conducted using a gas mixture of acetylene, hydro-
gen, and nitrogen, which were introduced into the CVD re-
actor with the flow rates of 30, 40, and 90 ml/min,
respectively. The reaction time was typically 90 min, and the
reaction temperature was maintained in the range of
700–750 °C. Furthermore, the morphologies, structure and
elastic behavior of the circular cross-section CMCs were
characterized using a field-emission SEM Zeiss ULTRA
plus. In order to obtain the microcoil elastic properties, the
CMCs were extended and placed on the conductive glue to
prevent them from recovering their original state during the
analysis.
III. RESULTS AND DISCUSSION
This section contains three separate subsections and re-
ports on morphologies and microstructure Sec. III A,
stretching behavior Sec. III B of the CMCs, and the me-
chanical model Sec. III C of the CNCs and CMCs with a
large coil index.
A. Morphologies and microstructure of the CMCs
Figures 1a and 1b show typical SEM images of the
as-grown CMCs obtained using Ni–P coating as a catalyst. It
was observed from Fig. 1a that the yield of the CMCs is
rather high, in some cases nearing 100%. The overwhelming
majority of the as-synthesized materials feature a regular coil
structure, which is very similar to a typical miniature tele-
phone cord. The unique 3D helical structure results in a very
high surface area of the CMCs. One can also notice that the
CMCs typically have coil diameters of 5–10 m, coil
pitches of 1.0–1.5 m, and wire diameters of 0.5–1.0 m.
More importantly, their length can easily reach as long as
several millimeters after 90 min into the synthesis process. It
is very interesting to note from Fig. 1b that the cross-
sections of all the wires that make the CMCs are almost
circular. This shape is closely related to the morphology and
the phase state of the catalyst grains. It can also be seen that
each coil turn is made of two closely packed wires in the
same helical states both are either left-handed or right-
handed. Meanwhile, the left-handed and right-handed
chirality have the same occurrence, indicating that there is no
clear preference to either the left-handed or the right-handed
chirality. The CMC surface is very smooth and no grains or
contamination were observed. The CMCs have an almost
amorphous and solid structure,25 and no voids were observed
in the central part of the wires. This is strikingly different
from CNCs in which each wire is hollow.
B. Stretching behavior of the CMCs
The circular cross-section CMCs with the coil diameters
of 5.0–10.0 m possess excellent elastic properties as evi-
denced by Fig. 2. Upon extension, the microcoils preserve
their orientation; some of them can be easily extended to an
almost linear shape without any noticeable structural dam-
age. It can be seen that the CMCs could be stretched up to
10–20 times of their original coil length. This extension fac-
tor strongly depends on the spring index. Moreover, the mi-
crocoils have been maintained in their extended state at at-
mospheric conditions for one week, yet no microcoil rupture
was observed. This means that the microcoils have excellent
resistance to fatigue. After the load was released, the micro-
coils could rapidly return to the initial unstretched state.
(a)
(b)
5µm
FIG. 1. SEM characterization of the as-grown CMCs.
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To study the relationship between the coil pitch angle
and the diameter during the coil deflections, double-helix
microcoils of different extended lengths were observed. Fig-
ure 3 shows the elastic deflections of the coil pitch angle and
diameter. Figure 3a shows a relaxed CMC with a coil pitch
angle  of approximately 0° prior to loading. Figure 3b
shows a microcoil with a coil pitch angle of 14.8° extended
along its axis. With a gradual increase in the elongation, the
coil pitch angle changes from 29.6° Fig. 3c to 65.0° Fig.
3f. The CMC can eventually be pulled to an almost
straight shape Fig. 3g. The photographs in Fig. 3 also
clearly reveal that as the microcoil pitch angle increases, the
coil diameter decreases, whereas the coil pitch becomes
larger.
C. Mechanical model of CNCs and CMCs
To explain the observed mechanical behavior, the nano-
and microcoils have been analyzed using the helical spring
mechanics approach as described below. To simplify this
model, the following assumptions have been made in the
analysis: i the spring has a circular cross-section; ii the
spring index is relatively large; so are the changes in the
pitch angle and coil diameter during the stretching deflec-
tions; iii each coil of the spring is active, and the spring
length remains constant; iv the spring ends are fixed to
prevent rotation.
Figure 4 illustrates the tensile model of the spring. At
small pitch angles, the main action on the circular cross-
section is a pure torque and the effects of bending and shear
can be neglected. The elongation  of the spring made of a
solid wire can be expressed as:26
 =
64Pr3n
Gd4
, 1
where d is the wire diameter, G is the shear modulus, r is the
spring radius, P is the tensile load, and n is the coil number.
Equation 1 is accurate in the low-strain region. When the
spring stretching is large, the pitch angle , radius r, torsion,
and curvature have to be taken into consideration for a more
accurate treatment. Therefore, when the moment M0 and the
load P act on the spring simultaneously, the bending moment
mb and twisting moment mt can be expressed as:26
mb = M0 cos  − Pr sin  . 2
mt = M0 sin  + Pr cos  . 3
According to the theory of elasticity,27 we can obtain the
changes in the wire curvature  and the twist in the wire
per unit length  as the spring deflects from the initial
pitch angle 0 to the final pitch angle :
 =
cos2 
r
−
cos2 0
r0
, 4
 =
sin  cos 
r
−
sin  cos 
r0
, 5
where r0 and r are the spring radii corresponding to the ini-
tial and final values of the pitch angle. In addition, by sub-
stituting Eqs. 2–5 into the following equations: mb
=EI and mt=GIp, one obtains
20µm
FIG. 2. Representative SEM image of the extended states of superelastic
double-helix CMCs.
(a) α ≈0
°
(b) α =14.8
°
(c) α =29.6
°
(d) α =39.2
°
(e) α =48.4
°
(f) α =65.0
°
(g) α ≈90
°
20µm
FIG. 3. A series of photos of continuous changes in the coil pitch angle and
diameter.
r αM0 M0
P Pd
FIG. 4. Color online Tensile model of a large-index spring with the ends
fixed. Here, P is the tensile load, M0 is the torsional moment, d is the wire
diameter, r is the spring radius, and  is the pitch angle.
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P =
GIp cos 
r
 sin  cos 
r
−
sin 0 cos 0
r0

−
EI
r sin  cos
2 a
r
−
cos2 a0
r0
 , 6
M0 = GIp sin  sin  cos 
r
−
sin 0 cos 0
r0

+ EI cos  cos2 
r
−
cos2 0
r0
 , 7
where E is the elasticity modulus, I is the moment of inertia
of the coil cross-section, G is the shear modulus, and Ip is the
polar moment of inertia of the coil cross-section. Further-
more, when a tension spring with large deflections is ex-
tended, the coils tend to unwind. The unwinding angle  in
radians may be calculated from Fig. 5a as
 =
2nr0
cos 0
 cos 
r
−
cos 0
r0
 , 8
In the case of stretching without rotation, i.e., =0, one has
r = r0
cos 
cos 0
. 9
One can now define the contraction rate of the spring 	
=D /D along its diameter
	 =
2r0 − r
2r0
= 1 −
cos 
cos 0
, 10
where D is the initial spring diameter. Figure 6 shows the
rates of the spring diameter contraction versus the pitch
angle at different initial pitch angles ranging from 0° to 20°,
calculated using Eq. 10. It can be seen that the diameter of
the spring with different 0 becomes smaller. As the pitch
angle increase, the rate of CMC diameter contraction can
eventually become close to 1, which means that the spring
can be almost straightened without rupture. The results of
this analysis are fully consistent with the observed experi-
mental results of Sec. III B. Furthermore, it is worthwhile to
note from this figure that 	 becomes negative for small val-
ues of  and for the initial pitch angles greater than zero.
This indicates that the spring finds itself in a compressed
state, when the spring diameter is larger than the initial one.
Additionally, the spring may develop as a helical cylin-
der. It can be clearly seen from Fig. 5a that the spring
length is l=2nr0 /cos 0. As the angle changes from 0 to 
during the stretching process, the total spring elongation is
= lsin −sin 0. Thus,
 =
2nr0
cos 0
sin  − sin 0 . 11
In this case, the total elongation  of the spring may be
expressed as a function of the initial elongation 0; thus, the
value  can be rewritten as
 = 
0 = 

64Pr0
3n
Gd4
, 12
where 
 is the deflection factor that describes the geometry
of the spring. Using Eqs. 6, 11, and 13 in the above-
mentioned equation and simplifying, one obtains
ρ
dρ dA
(b)
a
0sinl α
δ
2 onrπ
l
0α
(a)
α
cosP α
sinP α
(c)
P
FIG. 5. Color online a Developed elongation of the spring. b Calcula-
tion of the polar moment of inertia of the coil cross-section. c Spring
cross-section with axial load. Here, l is the spring length,  is the spring
elongation, 0 is the initial pitch angle,  is the final pitch angle,  is the
wire radius, A is the wire area, and P is the tensile load.
0 10 20 30 40 50 60 70 80 90
0.0
0.2
0.4
0.6
0.8
1.0
54
21 3
5 10 15 20
-0.06
-0.03
0.00
0.03
0.06
Pitch angle αo
η
FIG. 6. Color online The rate of contraction of the spring diameter 	 vs
the pitch angle  for a single-helix spring with fixed ends. In the inset,
curves 1, 2, 3, 4, and 5 correspond to the initial pitch angles of 0°, 5°, 10°,
15°, and 20°, respectively.
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 =
2d4
64Ip
sin  − sin 0
1
, 13
where
1 = cos 0
3sin  − sin 0 + EIGIp tan cos 0 − cos  .
In addition, From Fig. 5b, we can calculate IP=	A2dA
=	0
d/223d=d4 /32, and I=d4 /64. According to the
equation E=21+G, we define = 1+, where  is Pois-
son’s ratio. Therefore, according to Eq. 12, the spring con-
stant k is
k =
P

=
Gd4
64r0
3n
·
1


, 14
where 
= sin −sin 0 /2, and
2 = cos 0
3sin  − sin 0 +  tan cos 0 − cos  .
One can see that 
 is the function of the initial pitch angle 0,
final pitch angle , and Poisson’s ratio . To calculate the 

value, one has to simultaneously obtain values of 0, , and
. To study the dependence of  on the 
, we plot the deflec-
tion factor 
 versus  /nr0 relationships at the  values rang-
ing from 0.25–0.35 at 0=0°, as shown in Fig. 7. It can be
observed that these curves almost overlap each other in the
entire range of coil elongations, and the influence of  is very
limited in the range 0.250.35. For this reason we have
used =0.3 for calculation in the following analysis; the in-
troduced error did not exceed 1%.
Figure 8 shows five 
 versus  /nr0 curves for different
initial pitch angles. It clearly demonstrates that 
 increases
during the compression. However, the deflection factor de-
creases during the extension, which is due to major changes
in the coil pitch angles and diameters. A comparison of all
curves in Fig. 8 indicates that the difference in 
 for the small
initial pitch angles of 0°–20° is not large when the values of
 /nr0 are small. Moreover, the differences between 
 corre-
sponding to different pitch angles  at relatively large values
of  /nr0 become quite significant.
To verify the correctness of Eq. 14, below we will
apply the results of the above analysis to interpret the experi-
mental results for the CNCs Sec. III C 1 and CMCs Sec.
III C 2.
1. CNCs
Generally, CNCs have a single-helix structure, in which
the wire is hollow.15,28 Thus, we have to consider the effect
of the inner diameter of the hollow wire on the mechanical
properties of the CNC. In this case, Eq. 14 becomes
k =
Gd1
4
− d2
4
64r0
3 ·
1


, 15
where d1 and d2 are the outer and inner diameters of the
nanowire, respectively.
We can test Eq. 15 using the parameters for two kinds
of unit nanocoils with different coil pitches h1 and h2 con-
sidered by Chen et al.:15 the nanowire diameter d=120 nm,
the nanocoil radius r0=420 nm, the nanocoil pitches h1
=120 nm, h2=2000 nm, and the shear modulus G
=2.5 GPa. Figure 9a shows the dependence of the spring
constant k on  /r0. It can be seen that for the nanocoils with
the smaller coil pitch, the spring constant remains constant
k
0.12 N /m, even for relatively large elongations  /r0
2.5.
On the other hand, for the nanocoils with a relatively
large pitch, the situation is very different. In this case, the
spring constant increases in approximately three times with
the increase in the elongation  /r0 from 0 to 2.5. Meanwhile,
according to the experimental results, the shear modulus G is
not strongly dependent on the inner diameter of the nano-
wire. Thus, the value of G has been assumed to be constant
in this analysis. Figure 9b also shows the dependence of the
spring constant on the ratio d2 /d1 the outer diameter/the
inner diameter. It is clear that when the ratio of d2 and d1 is
less than about 1/3, the spring constant is almost the same as
was when d2=0. In other words, one may consider a nano-
coil with a hollow wire as a solid one. However, when d2 /d1
ratio reaches or exceeds 1/2, this effect must be taken into
consideration. The above-mentioned theoretical analysis is in
a good agreement with the experimental data.
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FIG. 7. Color online The dependence of Poisson’s ratio  on the deflection
factor 
 of a single-helix spring with fixed ends at 0=0°. In the inset,
curves 1, 2, and 3 correspond to =0.25, 0.30, and 0.35, respectively.
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FIG. 8. Color online Deflection factor 
 vs the coil extension  /nr0 for
a single-helix spring with fixed ends. Curves 1, 2, 3, 4, and 5 correspond to
the initial pitch angles of 0°, 5°, 10°, 15°, and 20°, respectively.
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2. CMCs
According to the results of the SEM analysis in Figs. 1
and 2, CMCs have a 3D double-helix structure. When a ten-
sile force was loaded, two wires packed together move si-
multaneously, and no interaction between the wires was ob-
served. Thus, the spring constant of double-helix CMCs
should be considered twice as large as that of a spring. This
is consistent with the load-elongation curves,16 which sug-
gest that CMCs with flat cross-section can be extended in
1.9–2.5 times of the original length; their elastic moduli vary
between 4.4 and 9.3 GPa. On the other hand, circular cross-
section carbon micrcoils can be stretched using a very low
load approximately 10 times smaller than was used in the flat
cross-section microcoil case; the corresponding spring con-
stant values range from 5.0 to 10.0 mN/m. We will use the
following approximate parameters deduced from SEM mi-
crographs in Ref. 16 to examine the validity of Eq. 14. The
parameters used are: G=0.68–0.74 GPa, n=100, initial
length l=0.6 mm, r0=15 m, and d=3 m. Figure 10 pre-
sents the load-elongation relationships for double-helix
CMCs. The results of our analysis are consistent with the
available experimental data, especially, when the coil elon-
gation is less than 4.2 mm. It can be seen from this figure
that during stage I, the load of the microcoil increases slowly
with the increase in its elongation. When the elongation
value is about 4.2 mm, the spring constant is approximately
1.6 times larger than at the initial unstretched length. How-
ever, with the gradual increase in the deformation stage II,
the load increases much faster compared to stage I, and the
spring constant can reach four times than that at the initial
length. Eventually, the microcoil breaks, when a larger load
is applied. Similar phenomena have been observed in other
inorganic helical materials.18,19 The above study reveals that
Eq. 14 is a good approximation to analyze the mechanical
properties of double-helix CMCs. Nevertheless, its validity
should be verified in the future, because of substantial lack of
the available experimental results.
In addition, in practical applications, the shear stress is
also of major concern. The uncorrected shear stress 
=16Pr cos  /d3 and the bending stress 
=32Pr sin  /d3 can be obtained from Fig. 5c. In this
case, since the spring index is very large, and stresses due to
the direct shear load and the tension load can be neglected.
Thus, the equivalent shear stress e is given according to the
Tresca strength criterion.26
e =24 + 2 = 16Pr0d3 
1, 16
where the stress correction factor is

1 

cos21.3 + tan2 
sin 0 cos 0 tan  + 1.3 cos2 0
, 17
and we note that it is the function of the initial pitch angle 0
and the final pitch angle .
Figure 11 displays the equivalent shear stress-extension
relationships for the initial pitch angles of 0°, 5°, 10°, and
20°. The negative values of  /nr0 correspond to coil com-
pressions, whereas the positive values correspond to its ex-
tensions. It can be seen from these curves that the initial
pitch angles have a significant influence on the shear stress.
At =0°, the shear stress decreases slower that at the pitch
angles of 5°, 10°, and 15° with the increase in the elongation.
It is clear from the inset in Fig. 11 that when 0 is under 10°,
and elongation is in the range of −0.2 /nr00.2, the error
is less than 1%. However, when  /nr0 and the initial pitch
angles are relatively large, the differences of the shear stress
become quite significant. Moreover, further verification of
this model should be done due to the lack of the available
experimental data.
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FIG. 9. Color online Spring constant k vs the coil elongation  /r0 for
a single-helix CNC. Here, the nanocoil radius r0=420 nm, the nanowire
diameter d=120 nm and the shear modulus G=2.5 GPa. In a, the inner
diameter d2 is zero, curves 1 and 2 correspond to the coil pitches h of 120
and 2000 nm, respectively. In b, the coil pitch is 2000 nm, curves 3, 4, 5,
and 6 correspond to the d2 /d1 ratios of 1/6, 1/4, 1/3, and 1/2, respectively.
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FIG. 10. Color online Tensile load P vs the coil elongation  for a
double-helix CNC. In the inset, the coil number n=100, the initial length
l=0.6 mm, r0=15 m, and d=3 m, curves 1, 2, 3, and 4 correspond to
the elastic moduli of 0.68, 0.70, 0.72, and 0.74 GPa.
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IV. CONCLUSIONS
In summary, a unique, simple and low-cost method to
grow CMCs over Ni–P catalyst alloy was proposed and dem-
onstrated. The morphology, structure and mechanical proper-
ties were investigated using SEM. A mechanical model was
developed to explain the behavior of carbon coils with a
large coil index. Based on the experimental results and the
model analysis, and the following conclusions have been
drawn:
• The CMCs prepared with coil diameters of
5.0–9.0 m, coil pitch of 1.0–1.5 m, wire diam-
eters of 0.5–1.0 m have a double-helical structure
and a circular cross-section.
• These CMCs with circular cross-sections feature pro-
nounced superelastic properties, and can be extended
in 10–20 times of the original coil length to an almost
straightened form, and then return to the original un-
stretched state after the load is released. During the
extension, the CMCs experience quite significant de-
formations which lead to larger pitch angles and
smaller coil diameters.
• The analytical model was developed for the nonlinear
behavior of the mechanical properties of the carbon
nano- and microcoils. Our model rigorously took into
consideration large coil pitch-angle and diameter
changes. It can precisely predict the spring constant
and the load-elongation response of carbon materials
with a springlike structure. These predictions are con-
sistent with the available experimental data. The
present model can play an essential role in the design
of future MEMS devices, composites for microelec-
tronic packaging, and several other applications.
The results of our work are particularly important for the
development of micro- and nanosized electronic and/or me-
chanical devices. Future work will be focused on control-
lable growth of small-scale carbon coils and establishment of
more accurate mechanical model.
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FIG. 11. Color online Equivalent shear stress-extension diagrams for a
single-helix microcoil with its ends fixed. Curves 1, 2, 3, and 4 correspond
to the initial pitch angles of 0°, 5°, 10°, and 20°, respectively.
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